Preferred orientation of minerals hitherto has been studied almost exclusively in metamorphic and igneous rocks, which show the most spectacular effects of deformation or magmatic flow. In sediments, preferred orientation of grains controlled by their shape has been discussed by Sander,' but to our knowledge no one has ever reported preferred orientation produced by deformation under diagenetic conditions. In the present study a strong preferred orientation of quartz is demonstrated in parts of a penecontemporaneous chert breccia from Israel.
Preferred orientation of minerals hitherto has been studied almost exclusively in metamorphic and igneous rocks, which show the most spectacular effects of deformation or magmatic flow. In sediments, preferred orientation of grains controlled by their shape has been discussed by Sander,' but to our knowledge no one has ever reported preferred orientation produced by deformation under diagenetic conditions. In the present study a strong preferred orientation of quartz is demonstrated in parts of a penecontemporaneous chert breccia from Israel.
Modern methods of measurement and analysis are used to determine quantitatively the degree of orientation in the specimen. The results are compared with those obtained in experiments on fine-grained quartz rocks.
Geological Background.-The chert comes from the Mishash Formation in southern
Israel. This is a marine rock sequence of Campanian (Upper Cretaceous) age. Together with more or less equivalent formations in Jordan, Syria, and Egypt, it forms an extensive belt of chert-phosphorite facies. Chert is the predominant component of the formation; other rock types are porcelanite, siliceous and calcitic phosphorite, chalk, marl, limestone, and dolomite.2'8
The area is structurally a characteristic cratonic terrain. The folding is mild and the typical structures are monoclines. Overfolds are very rare and metamorphism is absent. Rocks of the Mishash formation do, however, show some internal deformation. The chert beds are often crumpled into small intraformational folds, which do not affect over-and underlying rocks. ' Among the cherty rocks of the Mishash Formation, chert breccias are the most conspicuous rock type. In most cases both the "matrix" and "fragments" in breccias are cherty; sometimes, however, cherty fragments are embedded in a calcitic matrix. The "matrix" is always richer in phosphatic detritus, foraminiferal ghosts, organic matter, and some trace elements (Ti, Fe, Mg, V). The texture of the breccias varies. Sometimes the fragments are irregular in shape, but usually they are laminar, parallel to bedding, and the laminae almost always show variable degrees of rupture and tearing. It can be shown in many cases that the matrix of breccias was not completely solidified while the fragments were hard. This is demonstrated by the following facts. 12 showed regions of strong extinction parallel to the foliation (which represents either original bedding, or a diagenetic structure, or both). The gypsum plate effect indicates a c-axis maximum perpendicular to the foliation. Preferred orientation was only observed in the siliceous matrix, whereas in the initially more rigid breccia fragments it appeared that preferred orientation was lacking. The 12 thin sections with regions of preferred orientation come from several localities in southern Israel. Most samples were collected in the Ef'e valley close to the Beer Sheva'-Sedom high-way. The sample chosen for X-ray stu(dy (KP 94, Fig. 1 ) is from Makhtesh Ramon in the Central Negev. The preferred orientation in this sl ecimeen appears to be particularly strong, and since the matrix areas are large, there is no difficulty in restricting an X-ray beam, 1-2 mm in diameter, to areas of the matrix. X-ray examination of another sample (KF 111) from the Ef'e area (60 km to the north of Makhtesh Ramon) showed essentially the same features, proving that the phenomenon of preferred orientation is not a single accidental occurrence but something of more general geological importance. As the grain size (3-10 ,A) was too small to allow optical measurements on the universal stage, an X-ray texture analysis with a modified Philips pole-figure goniometer has been performed on several spots of the specimen.6 From polefigures taken in reflection on a slab 3-to 4-mm thick on a 1-to 2-mm diameter spot, it was observed that the fabric showed axial symmetry with the symmetry axis approximately perpendicular to the foliation and lying close to the plane of the specimen (Fig. 2a) . A peripheral transmission scan extending from parallel to perpendicular to the symmetry axis thus contains enough data to describe the fabric completely. From such profiles the direction of the symmetry axis in the fabric was determined on various spots (Fig. 1) . There is generally a good correlation between the symmetry axis and the foliation.
In the layers of matrix between the layers of breccia fragments (e.g., at 1 and 2, Fig. 1 ), the preferred orientation is marked, whereas at spot 3 ( Fig. 1) between the fragments of one layer, the preferred orientation (Fig. 2b) is weak or missing.
In the case of axially symmetric fabrics, the inverse pole-figure gives a compact and complete representation of preferred orientation data. This method of representation was used exclusively in metallurgy and high-polymer physics until recently. An inverse pole-figure which represents the distribution of the unique specimen symmetry axis with respect to crystal coordinates of the grains is obtained by rotating all crystallites until their crystallographic axes coincide. For trigonal quartz (class 32), which has a diffraction symmetry 3m, all the data can be prepresented in a sector of a projection of 600 (the asymmetric unit) extending from c [0001] over ml [1010] to -iM2 [0110] (Fig. 3) . This representation technique is restricted to axially symmetric fabrics, which are not very common in rocks. The inverse pole-figure was calculated by spherical harmonic analysis6' 7 from a set of ten measured profiles from certain diffracting-planes, (Fig. 4) . The c-axis distribution shows a single maximum parallel to the symmetry axis with a concentration of up to 1.7 times uniform distribution. The error in these data is less than 0.1. (Fig. 2) . The intensities of the ordinate are multiple of uniform distributions. The angle ) is measured from the pole of the diffracting plane to the symmetry axis. Note that the unit rhombohedrons r = 1011 (strong reflecting plane) and z = 0111 have a similar distribution. The calculations are done under the assumption of trigonal symmetry for quartz (3m) and axial symmetry of the pole-figure, with 12th-order spherical harmonics.
The inverse pole- figure (Figs. 3a, b) produced under diagenetic conditions when the matrix was softer than the fragments. Preferred orientation of quartz in chert has been obtained in experimental deformation of flint,6 8 and it is tempting to compare our natural fabric with the artificial fabrics, although the conditions under which they were deformed are not equal. The preferred orientation in the chert is different from what Raleigh9 observed in experimental crystallization of silica gel under stress. (He found c-axes at high angles to the compression axis.) However, it resembles some fabrics obtained by H. Green in artificial deformation of flint. Green8 10 and Baker et al. 6 have found that in uniaxial hot-compression experiments on Dover flint in the a-quartz field, two basic types of preferred orientation develop. Experiments conducted at temperatures only slightly above the recrystallization temperature (-600'C at a constant strain rate of 10-6 sec') result in a c-axis maximum parallel to the compression axis, 0r1. Deformation at high temperatures results in a c-axis small-circle i40°-60°to a, and a marked preferred orientation of r = (1011) (strong reflecting unit rhombohedron) parallel to al. Baker et al.6 present an X-ray analysis of specimens which show the transition from one type of fabric to the other (compare Fig. 5 ). In the light of these experimental data it seems reasonable that a preferred orientation developed by deformation under diagenetic conditions might result in c-axes parallel to maximum compression and no preferential orientation of r. This line of reasoning leads to the suggestion that the chert fabric resulted from compression perpendicular to the layering. (There are, however, vast differences in temperature, pressure, and time between the experimental conditions and the natural ones.)
Symmetrically the preferred orientation is related to the layering. From symmetry considerations 11 it might be expected that the causes responsible for the preferred orientation were also axially symmetric, with a symmetry axis perpendicular to the foliation. (a) GB-li. Deformed at 7800C, 15 kb, and a strain rate of 10-6 sec-1; fabric near the cold end (<6000C) which shows no increase in grain size from the starting material. 6 (b) GB-3. Deformed at 7800C, 14 kb, and a strain-rate of 105 sec-. There is considerable increase in grain size in this specimen.
(c) . Deformed at 8500C, 15 kb, and a strain rate of 10-6 sec-. The specimen has sufficient grain size for optical measurement of the c-axis orientations Vertical load on a sequence of layers with different competence was suggested by Kolodny' as the reason for the brecciation in the chert. This mechanism would be closely related to boundinage formation.12 3' The same forces which caused the brecciation could also have produced the preferred orientation of quartz in the matrix layers.
The mechanism under which the quartz c-axis maximum formed is unknown, but by basal slip of quartz'4 the development of such a fabric type might be exl)ected at very large strains. Several other processes, however, might be responsible for this preferred orientation and the problem is not resolved.
The fabric described in this paper seems to represent a real quartz deformation fabric. More petrofabric analyses on sedimentary material from other localities may help to give a better understanding of deformation processes under diagenetic conditions. Brecciated chert appears to be of widespread occurrence,"-'7 and their microfabrics are therefore of general geological importance. A final decision on the way the fabric developed should, in view of the presently available data, be left open. It seemed, however, worthwhile to present this new information on preferred orientation in sediments.
